Abstract-We report Sm-Nd and Rb-Sr data for the fine fractions of Lower Paleozoic argillaceous rocks from Wales, UK, and New York, USA, spanning the range of low-grade metamorphic conditions from the diagenetic zone (zeolite facies) to the epizone (greenschist facies). In all cases, leaching of the fine fractions results in a high 14'Sm/ 144Nd (0.09-0.29) acid-soluble component and a complementary low '47Sm/ '44Nd (0.05-O. 14) residual component. The observed fractionation is an ancient feature related to diagenesis, burial, and metamorphism. The magnitude of Sm-Nd fractionation between leachates and residues, as well as the resulting Sm-Nd ages, vary as a function of grain size and metamorphic grade. Uncleaved Welsh mudrocks of the diagenetic zone yield Sm-Nd leachate-residue ages of 453-484 Ma, in agreement with their Llanvimian to Caradocian biostrati~aphic ages, whereas higher grade rocks of the anchizone and epizone yield Sm-Nd ages as young as 413 Ma. These ages are transitional between the time of deposition and the time of regional deformation related to the Acadian Orogeny at 390 Ma. Distinct convex-upward rare earth element (REE) patterns of the leachates suggest that the precipitation of early diagenetic apatite controls the trace element budget of the rock, forcing a depletion of middle REEs on the subsequently formed diagenetic phyllosihcates. The amount of organic matter present and the extent of later prograde reactions are probable modifiers of this ~~ionation process. Ordovician and Devonian elastic rocks associated with the Trenton and Onondaga limestones of New York yield single-sample and multi-sample Sm-Nd isochron ages that agree well with their biostratigraphic ages of 454 Ma and 390 Ma, respectively. The REE fractionation observed in shale leachates of the Ordovician Utica Formation is related to Ca/Mg of the bulk rock, and hence to the composition of the diagenetic carbonate cement. In all cases the Sm-Nd system remained closed subsequent to the peak of diagenesis or metamorphism, including the North American rocks that show no evidence of being isotopically reset during widespread remagneti~tion of the subjacent limestone units in the late Paleozoic.
INTRODUCTION
MINERAL ASSEMBLAGES THAT form during diagenesis and low-grade metamorphism provide a record of important events related to deposition, burial, and deformation. Associated chemical transfer processes through time range from mobility of rare earth elements ( REEs) in the porewater column below the sediment-water interface (e.g., ELDERFIELD and SHOLKOVITZ, 1987) to the sequence of phyllosilicate reconstitution during burial (e.g., KISCH, 1983) , and eventually to recrystallization of major and accessory phases related to the development of a tectonic fabric during regional deformation and metamorphism. Many of these processes are controlled by the presence of crustal ff uids, their physical and chemical properties, and the degree and magnitude of fluid-rock interaction ( HALLIDAY et al., 199 1) . The reconstruction of pertinent low-temperature processes through time with sufficient resolution establishes a temporal framework in which to place the sequence of diagenetic and me~mo~hic modifications that lead toward thermodynamically stable assemblages.
The most frequently used isotopic methods for dating sedimentary assemblages utilize the Rb-Sr and the K-Ar decay systems. The most commonly encountered problems include * Present address: Dames & Moore, 2325 Maryland Road, Willow Grove, PA 19090, USA. disequilibrium between individual phases, uncertainty about the initial isotopic compositions, and thermal isotopic resetting. In this study, the potential of single-sample Sm-Nd dating of mineral assemblages corresponding to diagenesis and incipient me~mo~hism is evaluated. This approach involves a simple leaching technique applied to fine-grained fractions of argillaceous sediments, with the effect of chemically separating soluble phases from the insoluble phyllosilicates. We interpret the resulting mixing-lines as the equivalents oftwopoint isochrons because we can independently demonstrate that the REEs in leachate and residue are derived from cogenetic phases, and that the Sm-Nd system has remained closed since the events of interest. The advantage of such a single-sample isochron approach is that the initial isotopic composition of Nd can be constrained for each sample, thereby eliminating the deleterious isotopic effects of variable provenance.
Sm-Nd Systematics of Argillaceous Sediments
The range of Sm-Nd ratios in argillaceous sediments is primarily determined by their provenance, although average grain size and content of organic material are important factors as well. High Sm-Nd ratios result from high abundances of mafic ~orn~nen~ and are typical for coarse-grained lithologies. The extent to which Sm-Nd ratios are controlled by variable organic carbon content is poorly understood. STILLE and CLAUER ( 1986) reported increasing Sm-Nd ratios with 289 greater organic carbon content in chlorite-rich shales of the Gunflint Formation, whereas BROS et al. ( 1992) observed a negative correlation between organic content and Sm-Nd ratios in Proterozoic volcaniclastic shales.
In addition to variations in Sm-Nd ratio among different lithologies, it has been shown that acid leaching of bulk sediments and their various grain size fractions results in two sample complements with distinct Sm-Nd ratios: the leachates typically display high Sm-Nd ratios and the corresponding residues display low Sm-Nd ratios (GROMET et al., 1984; AWWILLER and MACK, 199 1; OHR et al., 199 I; BROS et al., 1992) . This sizable fractionation between leachable and residual sample components was observed to be accompanied by apparent neodymium isotopic equilibrium in the fine fractions (co.1 pm) of Eocene and Paleocene Gulf Coast shales ( OHR et al., 199 1) . Since isotopic equilibrium was approached with decreasing grain size, and hence increasing proportion of authigenic phases, we proposed that REE fractionation occurred during clay diagenesis and involved both phyllosilicates and accessory phases such as apatite and sphene. From this we predicted that single sample Sm-Nd dating of diagenesis and low-grade metamorphism may be possible, provided the events were of sufficient age. In this study the results of experiments designed to test this hypothesis are presented, using shales and slates of Ordovician to Devonian age. The Sm-Nd ages derived from leachate-residue pairs of the fine fractions of undeformed shales are shown to correspond to the time of early diagenesis, and hence may serve as an efficient means of establishing the depositional or stratigraphic age of the sediment. In contrast, low-grade pelites from the anchizone and epizone have developed a cleavage related to regional metamorphism and deformation, and reveal ages transitional between those of deposition and metamorphism.
Leaching experiments have been conducted to address the overall chemical and isotopic effects resulting from the acid attack on fine-grained phyllosilicates (e.g., CHAUDHURI and BROOKINS, 1979; KRALIK, 1984; CLAUER et al., 1993) . Whereas the mineral content, texture, and composition of bulk separates and leached residues of phyllosilicates can be studied in depth by a variety of methods, chemical analysis is the only means of assessing the origin and significance of leachates. Lacking other constraints, the chemical and isotopic composition of leachates have therefore generally been inferred to be representative or remnant of a diagenetic fluid or the ambient environment of diagenesis (e.g., CLAUER et al., 1990) . As isotopic studies of authigenic material frequently employ a leaching technique, it would be desirable to have independent evidence that leachate and residue are truly cogenetic or are at least genetically related.
If leaching mainly involves the mobilization of cations adsorbed onto clay surfaces or from exchangeable clay interlayer sites, it is difficult to see how these loosely bound cations could "freeze in" an original fluid composition. In order to explain the apparent fractionation of Sm-Nd ratios in claysize separates, AWWILLER and MACK ( 199 1) and BROS et al. ( 1992) suggested that Nd is incorporated preferentially over Sm into the clay interlayer sites, resulting in high Sm-Nd ratios in the residual fluid. It is unclear, however, whether the partition coefficients of light REEs (LREEs) and middle REEs ( MREEs) in phyllosilicates are sufficiently distinct to cause the observed fractionation. In this study we suggest that apatite, a soluble, accessory phase rich in REEs and frequently present in low-grade sediments, dominates the REE inventory in the leachates and therefore controls fractionation in the system. We also present evidence that REEs in leachates and residues are derived from cogenetic phases, not just by virtue of the meaningful age information, but also related to their complementary REE patterns.
GEOLOGIC BACKGROUND AND SAMPLE DESCRIPTION
The samples used in this study include Ordovician and Silurian argillaceous rocks from central and northern Wales, an Ordovician turbidite sequence from New York, and a Devonian siltstone unit from New York. Both Lower Paleozoic sequences were deposited in a continental margin setting inboard from a converging island arc system, and the Devonian unit belongs to the sequence ofAppalachian foreland sediments that was deposited during the Acadian orogeny. Bentonites and other volcanic products are interlayered with these hemipelagic and turbiditic sediments and provide a precise datum for the well-resolved biostratigraphy (Fig. 1) .
The rocks from the Welsh basin were chosen to test the hypothesis that diagenesis and low-grade metamorphism may be dated using the Sm-Nd system, and to enhance understanding of the factors that might influence the REE distribution and fractionation in argillaceous sediments. The shales and slates of the Lower Paleozoic Welsh basin were easily accessible and met some basic requirements for this study: the rocks are old enough to have developed measurable differences in their neodymium isotopic composition related to an expected range of "'Sm/ lUNd: their depositional aaes are well known and oreciselv bracketed by bentonite 6-Pb ages ( fig. 1; TUCKER et al., 1990) ; they have been mapped in great detail, and their mineralogical and structural properties have been intensively studied (e.g., ROBERTS, 1979; MERRIMAN and ROBERTS, 1985; ROBERTS and MERRIMAN, 1985; BEVINS et al., 1985; MCKERROW, 1988; WOODCOCK et al., 1988) .
Leaching experiments were conducted on separates of rocks from a range of metamorphic grades, using various size fractions and acids of different strength. In addition to detailed isotopic analyses of the sample fractions, complete REE patterns were measured to establish the nature of the REE carrier phases in leachates and residues.
Two groups of samples from New York were chosen to address questions related to the possibility of subsequent disturbances in the Sm-Nd system. These rocks were sampled adjacent to limestone units that have been associated with fluid migration and widespread remagnetization in the late Paleozoic of North America (MCCABE and ELMORE, 1989) . As the isotopic evidence for these events in carbonate rocks is contradictory (e.g., HEARN and SUT~ER, 1985; DEWOLF and HALLIDAY, 1991) , additional information as to the extent and timing of fluid migration might be gleaned from these adjacent c&tic horizons. Building on the detailed study of the Sm-Nd technique for the Welsh suite, the consistency of the technique was further examined by addressing the compatibility of Sm-Nd and Rb-Sr results for the fine-grained fraction of a single sample (Devonian siltstone). Finally, the utility and limitations of the technique for whole-rock samples were evaluated, using a leachate isochron derived from powdered bulk samples (Ordovician turbiditic shales).
The Lower P&ozoic Rocks of Wales
The early Paleozoic geology of Wales is dominated by extension and subsequent compression related to the closure of the Iapetus ocean between North America and the Avalon terrane, with Wales representing the Avalonian margin (WOODCKK et al., 1988) . Subsidence continued throughout the Cambrian, characterized by alternating coarse and fine deep-water elastic deposits. In the early Ordovician, uplifi and associated island-arc volcanism indicate the transition toward a convergent tectonic setting, which was followed by volcanism and sedimentation related to back-arc extension (Ko-KELAAR et al., 1984 HARLAND et al. ( 1982 , 1990 ) and TUCKER et al. ( 1990 . Markers (I), (2) and (3) represent the ages of the Tioga bentonite ( RODEN et al., 1990) , a Rocklandian bentonite (TUCKER et al., 1990) . and the Deicke bentonite ( SAMSON et al., 1989) , respectively. The stmtigraphic position ofail samples is marked by the boxes.
are overlain by Llanvimian to early Caradocian volcanic rocks of a bimodal basalt-rhyolite association. These volcanic rocks are interlayered with shallow marine siltstones and mudstones. Upper Caradocian and Ashgillian strata consist mainly of argillaceous rocks and black graptolite mudstones and are overlain by Silurian deep water turbidite strata. This overall sequence of events is consistent with the presence of a single, southeast dipping subduction system below the Lake District-Irish arc, with the Welsh basin situated on the crystalline margin of the continent (KOKELAAR et al., 1984; STILLMAN, 1988) . Deformation and regional metamorphism occurred during the early to mid-Devonian (MCKERROW, 1988; Wooaco~~ et al., 1988) , ~ntern~mn~us with the emp~~ment of granites in the Lake District at 394 f 3 Ma ( WADGE et al., 1978) . In addition, Rb-Sr ages of Ordovician and Silurian volcanic rocks appear to be widely reset to approximately 390 Ma (EVANS, 199 1).
In general, rocks of the Welsh basin were subjected to temperatures of <35O"C, indicated by mainly prehnite-pumpellyite to pumpellyiteactinolite facies metamorphism in mafic rocks (ROBERTS, 198 1; BE-VINS et al., 1985) . The metamorphic grade of pelites, based on illite crystallinity ( BEVINS et al., 198 1; MERRIMAN and ROBERTS, 1985 ) , is directly correlated with the occurrence of ma& index minerals, with diagenetic zone (A28 > 0.42"), anchizone (0.26" < 528 < 0.42"), and epizone rocks (A28 < 0.26") corresponding to zeolite, prehnite-pumpellyite, and greenschist facies rocks, respectively. Conodont coloration and graptolite reflectance data also indicate the prevailing low-grade conditions (OLIVER, 1988) . Regional metamorphism in the Welsh basin is related to strain-induced recrystallization and thermal doming during early Devonian deformation ( MERRIMAN and ROBERTS, 1985; ROBERTS and MERRIMAN, 1985) .
A tabular listing of all samples from Wales, including locations, stratigraphic ages, short lithological descriptions, mineral modes of various size fractions derived from X-ray powder diffraction, and white mica crystallinity, is provided in Table 1 . Back-scattered electron images shown in Fig. 2 reveal the main textural and compositional features of the Welsh anchizonal and epizonal rocks. Large chloritemica stacks, commonly 20-200 pm in size, are set in a matrix of finer grained chlorite, illite of predominantly 2M, polytype, K-feldspar, and ribbon quartz (Lt et al., 1993) . The stacks are frequently deformed, with individual packets of chlorite and mica bent or disrupted. Chlorite and illite in the matrix are both of detrital and diagenetic origin. Penetrative cleavage is developed only in the higher grade samples and is defined by the crystal preferred orientation of the tine-grained matrix minerals. The orientation of contacts between chlorite and mica layers are on average perpendicular to cleavage (Fig. 2a) . In lower grade samples, apatite occurs frequently as small euhedral crystals, ranging in size from 4 I lrn to about I5 pm. The larger grains occur isolated within the matrix, whereas the smaller grains are also found as inclusions in chlorite and white mica. In general, apatite is more coarsely grained in higher grade rocks, occurring as relatively large, euhedral ctystals (Fig. 2b,c) . Other frequent accessory minerals include needle-shaped rutile and rounded grams of pyrite (often in the form of framboids). Quartz, sphene, and pyrite are found in complex intergrowths (Fig. 2d) , and in some cases REErich crandallite, CaAIr ( P04)r (OH )s -HrO, or florencite, CeAIX( PQ4b(OH), (LEFEBVRE and GASPARINI, 1980) , occurs intergrown with quartz, rutile, white mica, and monazite (Fig. 2e) . Monazite typically has resorbed grain boundaries. TEM observation of the fine fractions reveals in many cases euhedral apatite crystals as small as 0. I pm in size (Fig. 2f ).
Paleozoic recks from New York
The Onondaga Group is a sequence of coarse-to fine-grained limestones, commonly containing chert, that ranges in thickness from 21 to 50 m across New York state (OLIVER, 1956; RICKARD, 1975 1989; SUK et al., 1990) . The position of the late Paleozoic paleopoles associated with this chemical remnant magnetization corresponds in time to the Alleghenian orogeny at ca. 300 Ma.
Rocks of the Middle Ordovician Utica Formation are comprised of fissile black shales with variable amounts of carbonate cement. The distal basin facies of the Taconic flysch wedge is represented by the synorogenic elastic rocks of the Utica Formation (ROWLEY and KIDD, I98 I ) , which overstepped the underlying Trenton carbonate platform from east to west in several phases, from the early Kirkfieldian to the early Maysvillian of the North American type section (MITCHELL et al., 1992) . Numerous thin bentonite layers occur within the Trenton Limestone as well as the Utica Formation. A bentonite marking the equivalent of the lower boundary of the Trenton Limestone has been dated at 457 * I Ma using U-PI, dating of zircons (SAMSON et al., 1989) , and another bentonite U-PI, age places the Rocklandian Stage at 453.7 If 1.8 Ma (TUCKER et al., 1990) . The Trenton Limestone itself yielded a 238U-206Pb age of 454 + 8 Ma (MCCABE et al., 1984) .
ANALYTICAL TECHNIQUES
Depending on its degree of lithification, each sample was first disaggregated manually in a mortar, or crushed to sand size in a jawcrusher, and then passed through a disk-mill grinder. After each step the crushed particles were passed through a 50 mesh (300 pm equivalent) sieve to avoid overcrushing. This was followed by continued disaggregation in distilled water, using an orbital shaking table. The resulting slurty was transferred to graduated cylinders and the desired size separates (equivalent spherical diameters) were obtained by ap plying Stoke's law over a uniform settling distance; flocculation was usually not a problem. The ~0.2 pm fraction was separated from the coarser particles using a table-mounted centrifuge at medium speed, and then settled using a high-speed centrifuge. Separate weights that were obtained were typically on the order of only a few hundred milligrams: in some instances this amount proved too small to ensure homogeneity of the separate, so that analyses of different aliquots of the same sample were not always reproducible.
All isotopic composition and isotope dilution measurements were performed in the Radiogenic Isotope Geochemistry Laboratory at the University of Michigan. Typical sample weights for phyllosilicate separates prior to leaching were lo-60 mg, depending on the amount of sample available and the expected concentrations. Leachate and clay residue were separated by centrifuging, and the residue was rinsed repeatedly with deionized water. The first and second wash was usually added to the leachate. Residues were digested in a mixture of concentrated distilled HF, HC104, and HN03. Total procedure blanks were somewhat variable, but are always less than 150 pg for Sr, and less than 50 pg for Nd. The higher blanks were typically associated with the use of larger amounts of perchloric acid. Ratios of *'Rb/ 86Sr and ?jm/'"Nd were determined by isotope dilution, using mixed 87Rb-WSr, and '49Sm-m'Nd spikes. The 87Rb/86Sr ratios are accurate to better than l%, and i4'Sm/ '#Nd ratios to approximately 0. I %. All REE abundances were determined by isotope dilution, using a mixed Ba-rare earth spike. Most 87Sr/86Sr ratios were determined on totally spiked aliquots, whereas most '43Nd/'44Nd ratios were measured using unspiked aliquots. The strontium isotopic ratios measured on spiked aliquots were corrected for the Sr composition of the spike, with the correction never exceeding +0.000020. Details of ion exchange and mass spectrometric procedures can be found in HALLIDAY et al. ( 1989) . Mass spectrometric measurements were performed on two V. G. Sector multicollector thermal ionization mass spectrometers, yielding compatible standard values of 0.7 10250 + 11 for the 87Sr/86Sr of NBS SRM 987 (n = 61), and 0.5 11858 f 9 (c,,,.,, = -15.2 f 0.2) for the '43Nd/'44Nd of La Jolla In = 39).
.__, These uncertainties for the standards are expressed as two'standard deviations (2~) from the mean.
RESULTS

Samples from Wales, UK
The Sm-Nd and Rb-Sr data for Middle Ordovician and Lower Silurian shales from Wales are summarized in Tables 2 through 4 and in Fig. 3 . Leaching of fine-grained separates produces an acid-soluble component (leachates) with high 147Sm/'44Nd (0.09 to 0.24), and an acid-insoluble component (residues) with low 14'Sm/ IaNd (0.07 to 0.14). All leachates from samples corresponding to the diagenetic zone and the anchizone are characterized by higher Sm-Nd ratios and define a linear trend the slope of which is proportional to an age of ca. 460 Ma (Fig. 3a) . This indicates that a population of early diagenetic phases with a narrow range of initial neodymium isotopic compositions ( tc.,dj460 Ma = -6 to -7) was dissolved. In contrast, data for the residual phyllosilicates display more scatter, yet individual leachate-residue tie-lines of the ~0.2 pm fraction frequently correspond within error to apparent ages that are transitional between the time of deposition (449-470 Ma) and the time of regional metamorphism (ca. 390 Ma). The results for leachates and residues of the epizonal samples are distinctly different compared to the lower-grade rocks, showing a much narrower range of Sm-Nd ratios and generally less radiogenic Nd.
The Rb-Sr results shown in Fig. 3b were obtained from two illite-rich, black mudstone samples (Llanvimian to Caradocian, diagenetic zone), and from one chlorite-rich, turbidite mudstone sample (Llandoverian, epizone) containing apatite concretions. Data for the chlorite-rich assemblage plot within mid-Ordovician (460 Ma) to early Silurian (430 Ma) reference isochrons, but the results for the illite-dominated assemblagescatter widely. The leachate data in particular are problematic, having high Rb-Sr ratios and very radiogenic Sr, and leachate-residue tie-lines do not provide any meaningful age information.
We observe three important correlations between Sm-Nd isotopic data and mineralogical or textural parameters. In the order of discussion below, these are the grain-size dependence of two-point leachate-residue ages (LR ages), the grainsize dependence of Sm-Nd ratios and of element abundances, and the dependence of ages on metamorphic grade.
The grain size dependence of leachate-residue ages
In general, smaller size fractions yield younger two-point leachate-residue (LR) ages (Fig. 4) . These ages are calculated in the same fashion as two-point Sm-Nd isochrons:
We analyzed a series of size fractions of the Llanvimian black mudstone W2a, ranging from ~5 pm to ~0.2 pm. The stratigraphic age of the Llanvimian is bracketed between 470 Ma and 464 Ma at maximum uncertainty (TUCKER et al., 1990) . The <5 pm fraction yields ages of 496 + 24 Ma and 502 + 29 Ma, the ~1 pm fraction yields ages of 480 + 22 Ma and 456 + 28 Ma, and the x0.2 pm fraction has ages of 453 + 22 Ma and 473 + 29 Ma, for leaching procedures using 1 N hydrochloric acid and 10% acetic acid, respectively. Other coarse splits include sample W25 ( -=z 10 pm) with an apparent age of 627 + 35 Ma, and sample W27.3 (~5 pm) with an apparent age of 574 f 26 Ma. The uncertainties of these values are related mainly to the difference in Sm-Nd ratio between leachate and residue. Clearly the coarse fractions yield apparent ages in excess of the depositional age. However, the < 1 pm and the ~0.2 pm ages are concordant and consistent with the depositional age.
In the marginal basin setting of the Lower Paleozoic of Wales, the relative contributions of younger volcanic sources and older cratonic sources can be extremely variable over a short time scale ( THOROGOOD, 1990) . Consequently, the initial isotopic composition of any one sedimentary unit is expected to be variable as well. This isotopic heterogeneity due to variable source characteristics highlights the importance of a single sample approach to the dating of sedimentary processes. 
The grain size dependence of Sm-Nd ratios and REE concentrations
The untreated sample W2a exhibits higher Sm-Nd ratios in the coarser size fractions. The i47Sm/ lwNd ratios decrease from 0.101 to 0.099Sr to 0.0922 for the 4 pm, <1 pm, and ~0.2 pm size split, respectively. The Sm and Nd concentrations of the ~5 Frn and -C 1 pm sample are similar, yet are much higher than those of the ~0.2 Errn sample. All data in Table 2 are calculated in such a way that Sm and Nd abun- dances for leachate and residues can be reintegrated to the untreated concen~tions by simple addition. In Fig. 5a ,b the measured and reintegrated Sm-Nd ratios and concentrations for W2a are compared. The variability of measured vs. reintegrated Sm-Nd ratio in the finer fractions is most likely related to the heterogeneity of the separates. The c.5 pm split is the most voluminous and the reintegrated Sm-Nd ratio is within (0.1% of the measured ratio, whereas the hom~eneity of the finer fractions is probably compromised by the small yield of sample preparation.
(5) _________________________----------------__----------~_
There is an additional relationship between grain size and the proportion of leached Sm and Nd relative to the total concentrations. The 1 N HCl leachate contains 42.5%, 35X%, and 28.1% of all Sm, and 23.9%, 18.6%, and 14.0% of all Nd, where the percentages correspond to decreasing grain size. For the acetic acid leachate the proportions are 17.7%, 13.3%, and 14.2% of the total Sm, and 10.6%, 7.38, and 6.9% of the total Nd. Thus, the smaller the grain size, the less Sm and Nd of the total REE inventory is partitioned into the leachate. However, the leachates have generally higher Sm-Nd ratios with decreasing grain size (Fig. Sc,d) . If the REE ratios and abundances in the leachates are controlled by the occurrence of soluble, REE-enriched phases in the sediment, then coarser splits contain soluble phases with a lower integrated Sm/Nd, but a higher REE concentration. In contrast, liner splits are characterized by the occurrence of soluble phases with higher integrated Sm/Nd, yet lower overall REE concentrations. This general pattern is consistent with SEM observations of these rocks, indicating that the larger grains of accessory phases (usually > 5 pm) are mainly LREE-enriched monazite and florencite, whereas the smaller grains (generally $5 pm) include abundant crystals of apatite. With decreasing grain size, LREE-enriched monazite and Ilorencite become less abundant, and the REE budget in the leachate is increasingly dominated by a MREE-enriched phase such as apatite. The correlation between grain size, abundance pattern of soluble, accessory phases, and Sm-Nd systematics in the leachates is irn~~nt.
It points toward the crucial role that is played by accessory phases in controlling the REE distribution in pelitic rocks.
The dependence of Sm-Nd ages on metamorphic grade
The qu~iline~ relation between two-point leachate-residue ages (L-R ages) of ~0.2 ,~lm samples and metamorphic grade is shown in Fig. 6 . Samples from the diagenetic zone yield ages indistinguishable from their depositional ages: in addition to the data for sample W2a discussed above, the gray Caradocian mudstone W 16.2 yields an age of 459 + 28 Ma (the series boundaries of the Caradocian are 46 1 to 449 Ma; TUCKER et al., 1990) . Leaching with acetic acid frequently gives different results from those obtained using HCl. For example, both HCI residues for W 16. I and W 16.2 have high '43Nd/'44Nd, resulting in ages that are anomalously young by as much as 100 Ma. While uncertain how to explain this phenomenon, we do observe that the HCl leachates are collinear with the L-R tie lines produced by leaching with acetic acid. Samples with lower illite crystallinities, corresponding to the anchizone and epizone, such as W22.2, W8.1, W15.3, and W27.4 yield lower Sm-Nd ages, between 413 and 430 Ma ( Table 2 ). The anchizonal sample W22.2 is particularly well constrained: data for a sequential acetic acidHCl leach and an inde~ndently performed acetic acid procedure are collinear in a Sm-Nd plot, corresponding to an age of 42 1 +-8 Ma. The ages for these anchizonal and epizonal samples are intermediate between their stratigraphic age and the timing of regional metamorphism at 390 Ma. Finally, the difference in Sm-Nd ratio between leachate and residue is small or nonexistent in most samples with illite maturities corresponding to the epizone (Table 2) , and in two instances the leachates have slightly lower Sm-Nd ratios than the corresponding residues. 
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25. 
REE patterns
In an effort to better understand the mineralogical controls on the rare earth distribution in shales, REE c,ncentrations were determined for the leachates of samples W22.2 (Llanvirnian, anchizone), W21.3, and W27.4 (Llanvirnian, epizone). In the case of W22.2, whole-rock and residue patterns were determined as well. For comparison, new REE abun- The smallest size fractions yield ages that are bracketed by the time of deposition and the time of metamorphism.
dance data of a representative clay separate of a deeply buried Gulf Coast shale (OHR et al., 199 1) are presented as well (Table 3) . Rather than normalizing leachate and residue data to a standard reference material such as the North American shale composite (NASC), actual REE concentrations of the corresponding bulk, whole-rock sample (WR) were used. On a chondrite-normalized plot (Fig. 7a) , WR 22.2 is characterized by a LREE-enriched pattern, and relatively flat MREE and HREE, with a negative Eu anomaly of 0.70. The normalizing values used are those for the Leedy chondrite ( MASUDA et al., 1973) , and the Eu anomaly is expressed as suggested by MCLENNAN ( 199 1). The whole-rock pattern is typical of shale, and the absolute REE concentrations are consistent with average values for post-Archean shales (TAYLOR and MCLENNAN, 1985) . Compared to NASC (GROMET et al., 1984) , the HREEs of WR 22.2 are negatively fractionated with respect to the MREEs. This is not due to incomplete dissolution of residual accessory phases such as zircon, as dissolution in PFA vials (analysis 1) and dissolution using a Teflon bomb (analysis 2) yielded the same low concentrations of Dy through Lu relative to Cd (Table 3) .
Compared to the whole rock, both the acetic acid and 1 N HCI leachate of W22.2 (co.2 pm) are depleted in the LREEs and the HREEs (Fig. 7b) . In a shale-normalized plot, both leachates display convex upward patterns that are centered around Gd (Fig. 7d) . Similar patterns have been described for macroscopic biogenic apatite and apatite concretions in Paleozoic sediments (WRIGHT et al., 1987; GRAND-JEAN et al., 1987; GRANDJEAN and ALBARBDE, 1989; MILODOWSKI and ZALASIUEWICZ, 199 1) . Plotted in the same manner, the residue of this sequential leaching procedure displays a roughly convex downward pattern, with the LREEs and HREEs enriched over the MREEs. The position and shape of the HCI leachate pattern is intermediate between that of the acetic acid leachate and the residue pattern. This is related either to the increased solubility of LREE-enriched phases in HCl, or to the partial release of REEs from the phyllosilicates due to the acid attack. Finally, the presence of a positive Ce anomaly in the HCl leachate may be caused by leaching hydrous iron and manganese oxides; these are soluble in HCl and typically carry excess Ce in the form of oxidized Ce4+ , but are insoluble in weakly dissociating acetic acid, and correspondingly produce no Ce anomaly in that leach. The results for the higher grade samples W27.3 (<5 pm) and W27.4 (co.2 pm) are distinct from those for W22.2. Plotted normalized to chondrite, all leachates are enriched in LREEs, and the HCl leachate of W27.4 actually has a higher Sm-Nd ratio than the corresponding residue (Fig. 7~) . The shale-normalized patterns of the acetic acid leachates are nearly flat with positive excursions for Eu and Gd, reminiscent of the convex shapes of the W22.2. The HCl leachate has a discontinuous shale-normalized pattern with a slight LREE enrichment and a strong HREE depletion (Fig. 7f) .
A REE fractionation similar to that observed in the Welsh samples has been reported from Texas Gulf Coast shales ( AWWILLER and MACK, 199 1; OHR et al., 199 1) . New REE data on a Paleocene shale from a previously studied deep well are presented here to compare the REE distribution in Gulf Coast rocks that are solely affected by burial metamorphism with that of the regionally metamorphosed Welsh pelites. Chondrite-normalized and wholerock normalized patterns for ZBl 1 are overall very similar to those. for W22.2 (Fig. 7a,b and d,e) . The residue pattern in Fig. 7d is strictly symmetrical around Gd, with the LREEs and HREEs being equally enriched.
The acetic acid leachates of all samples have REE contents that are overall lower than those of the HCl leachates but have higher Sm-Nd ratios. REE concentrations in the acetic acid leachate relative to the HCl leachate are lowest for ZB 11 (approximately lo%), and highest for W22.2 (20 to 64%). These relations are identical to those of the Welsh samples shown in Fig. 5c,d . The residues contain approximately 90% of the LREEs, 42-70% of the MREEs, and 80-95% of the HREEs (Table 3) .
Samples from New York
Onondaga Group (Middle Devonian)
Three leaching experiments were performed on a x0.2 Hrn separate of one selected sample, using 10% acetic acid, cold 0.1 N HCl, and cold 1 N HCl. All Rb-Sr data are listed in Table 5 . Rubidium and strontium abundances were calculated relative to the sample weight prior to leaching. Thus, the sums of Rho, + Rb(a,, and SrcLj + ST(a) are equal to the concentration of Rb and Sr in the untreated sample. To compute element abundances in such a way is helpful in representing the proportions of each element in leachate and residue, respectively. The three leachates define a line with a slope corresponding to an age of 367 + 4 Ma (MSWD = 2.76), whereas the complementary residue isochron corresponds to 404 f 8 Ma (MSWD = 0.47; Fig. 8a ). Individual LR ages range from 423 + 5 Ma (0.1 N HCl) to 420 f 5 Ma ( 1 N HCl) to 410 f 4 Ma (acetic acid), Although all L-R pairs are approximately collinear, regressing a total leachate-residue isochron is equivocal because the data points are dependent on one another. However, a six-point regression assuming scatter in the initial Sr isotopic ratio for all three pairs yields an age of 417 + 8 Ma. The reintegrated total concentrations are quite variable and possibly related to the low initial weight and hence heterogeneity of the bulk separate. Sm-Nd data were obtained from two independent experiments. Set 1 includes analyses for the leachates only; set 2 includes both leachate and residue data. In Fig. 8b , the slope of the leachate regression corresponds to an age of 392 *5Ma(MSWD=O.Ol)forsetl,and377+23Maforset 2 (not including the 1 N HCl leachate, which is similar to that from set 1). The individual L-R tie lines of set 2 range from 390 -t 18 Ma (acetic acid) to 425 + 26 Ma (0.1 N HCl) to 47 1 + 37 Ma ( 1 N HCl). The combined leachate and residue isochron age of set 2 is 402 t 13 Ma (MSWD = 1.63), with the same limitations regarding the dependence of the data as above.
The "leachate-only" Rb-Sr and Sm-Nd isochrons define stratigraphic ages or ages that are slightly younger than the time of deposition (390 Ma). Ages that include residue data are either concordant with deposition or somewhat older. It is therefore possible that the separates are not quite finegrained enough, and that they include a small proportion of detrital, elastic material. The presence of quartz in the ~0.2 pm separate as revealed by powder X-ray diffraction (chlorite > illite $ quartz) is certainly indicative in this respect, The close agreement of Sm-Nd ages with Rb-Sr ages (e.g., 390 & 18 Ma vs. 410 I 4 Ma for the acetic acid procedure) is also noteworthy. We suspect that the relative abundance of chlorite vs. poorly crystalline illite is important, in that RbSr ages appear to generally correspond well with Sm-Nd ages in chlorite-rich assemblages. This is also documented by similarly concordant Rb-Sr and Sm-Nd results for chlorite-rich rocks from Wales. In contrast, the results of illite-rich Welsh samples suggest that radiogenic Sr and Rb seem to have "leaked" in unpredictable proportions into the leachates, causing the Rb-Sr ages to be scattered over a large time interval (Table 2 ; Fig. 3b ).
Trenton Limestone and Utica Formation (Middle Ordovician)
The whole-rock chemistry of shales of the Utica Formation displays a regular decrease in Ca-Mg ratios from the bottom to the top of the Utica Formation (J. W. Delano, pers. commun.), mirroring a transition from calcite-rich to dolomiterich cements. This trend in bulk rock composition is correlated with *'Sr/%r ratios of the whole-rock leachates (no time correction is necessary as "Rb/%r is less than 0.01; Table 6 ). The most calcite-rich shales display leachate Sr ratios of 0.708 l-0.7082. As the sediment becomes more dolomite-rich, the *'Sr/%r ratios of the leacbates increase to 0.7093 (Fig. 9a) . Occasional carbonate-rich turbidites that are interlayered with shales of the Utica Formation fit this trend neatly: a calcite-turbidite from the Lower Utica Formation, and a dolomite-turbidite from the Upper Utica ForDating the time of diapnesis and metamorphism of shale mation plot as endmembers of this trend. The 87Sr/B6Sr ratio of 0.70804 from the only Trenton Limestone sample measured is indistinguishable from that of Middle Ordovician seawater (BURKE et al., 1982 ) . The wide range of whole-rock leachate '47Sm/ '@Nd ratios is also correlated with decreasing whole-rock Ca-Mg ratios (Fig. 9b) . Measured 14'Sm/ '&Nd ratios range between 0.109 and 0.296, and with their corresponding neodymium isotopic composition result in an isochron age of 458 k 25 Ma (MSWD = 4.56; Fig. SC) . The initial isotopic ratio of 0.5 1152 at 458 Ma is equal $0 an t(Nd) value of -10.2. Most Bean Hill samples plot above this line, as is the case with the two whole-rock residues that were analyzed. Data for the Trenton Limestone and two other samples from the base of the Utica Formation plot well below the isochron and define a much lower depositional Q.,,+) value of about -18, similar to values of seawater obtained by =TO and JACOBSON( 1987). This second suite of Appalachian foreland sediments was studied to further explore the usefulness of acquiring Sm-Nd ages of leachates only. In an earlier study of Texas Gulf Coast shales ( OHR et al., 199 1) we had observed that leachate neodymium isotopic compositions were in apparent isotopic equilib~um following diagenesis, regardless of the grain size of their respective bulk samples. At the time, we suggested that in certain cases it may be sufficient to analyze the soluble components of shales, given that a suitable range of Sm-Nd ratios had developed. Results from the Utica Formation indeed indicate that leaching of powdered bulk shale samples can produce a leachate Sm-Nd isochron age that corresponds to the time of deposition or early diagenesis, as the leachate compositions are correlated with the extent of diagenetic alteration of carbonate cements. This observation is consistent with and implied by our data f?om Tertiary Gulf Coast shales ( OHR et al., t 99 1) . However, the ease and relative crudeness of this method is surprising and certainly merits further testing. Furthermore, the contrast in initial neodymium isotopic ratios hetween the westernmost samples from Harter Hill I L(Nd) ---18) and the Utica carbonate cements to the east c(~,,) = -10.2) is consistent with the different regional geologic setting of the ~ontinen~l margin basin during the Taconic orogeny. To the west, the Trenton Limestone and the distal portion of the Utica Formation developed on the stable platform, and hence tapped a less radiogenic, cratonic Nd source. At the same time, the eastern part of the tlysch basin subsided as the North American margin collided with the Taconic island arc, and consequently inherited a more ra- diogenic neodymium isotopic signature from the converging In summary, combined Rb-Sr and Sm-Nd evidence from active volcanic margin to the east. The presence of radiogenic elastic horizons overlying the Trenton and Onondaga Limevolcanic detritus is also indicated in the younger than destones indicate that presently coexisting phases have not been positional L-R ages for two whole-rock samples (dashed lines reset isotopically since early diagenesis. Furthermore, early in Fig. SC) . It seems that the arrival of juvenile, volcanic diagenetic carbonate cements in shales may be used to conmaterial from the Taconic island arc into the flysch basin is strain a depositional age. Finally, postulated diagenetic epinot just limited to the occurrence of numerous, stratigraphsodes related to Alleghenian remagnetization were either ically well-defined bentonite layers; it is also expressed in confined to the carbonate rocks, or, if the adjacent shale and form of a neodymium isotopic gradient in the main body of siltstone units were involved, their Rb-Sr and Sm-Nd systems the turbiditic flysch sediments.
were not disturbed. 
DISCUSSION
Accessory Phases and REE Distribution in Pelites from Wales
In order to evaluate the character and extent of REE fractionation within individual components of the sediment, REE abundances of the co.2 pm leachates and residues were normalized to ( 1) the whole-rock shale REE content (Fig. 7d) and (2) the complementary sample fraction(s) (Fig. 7e) . In the case of a one-step leach, the leachate is normalized to the residue, and in the case of a sequential leach, leachate 1 is normalized to residue + leachate 2. The REE patterns of sediments are usually presented normalized to a bulk shale reference. This is useful when comparing the overall REE fractionation in the sediment or its constituent components with an average upper crustal source. However, to evaluate the REE partitioning between phases within the sediment, it is appropriate to normalize one phase to another, or in this case, by normalizing leachate to residue. Only then do the resulting REE patterns most closely represent patterns of partition coefficients of the components that contribute to the leachates. Due to the regular decrease of ionic radius from the LREEs to the HREEs, accessory phases generally have distinctive patterns, and the dominant phase(s) that has been partitioned into the leachates may be identified. On the other hand, the absence of any regular REE pattern can be used to argue that the composition of the leachates is not, or only in a diffuse manner, caused by selective phase solubility.
As shown in Fig. 2 , euhedral apatite is finely dispersed in the co.2 pm separates, and the combined textural and chemical evidence presented here points decisively toward dissolved apatite as the main constituent of the leachate REE budget. Thus, the observed patterns may be explained as an expression of phase-controlled fractionation during early diagenesis. The arguments in favor of this interpretation can be summarized as follows: ( 1) Small, euhedral crystals of apatite are present in both the separates (TEM observation) and in thin section as documented by BSE imaging. (2) The leachates contain significant amounts of Ca and P ( (Fig. 3a) . The offset in '43Nd/144Nd is on the order of 50-70 ppm, which is consistent with the expected isotopic evolution of Nd from the mid-Ordovician to the early Silurian. These phosphate concretions also display a REE pattern identical to that of the leachate patterns ( MIL-ODOWSKI and ZALASKIEWICZ, 1991). (6) The Sr-Nd ratios of the leachates are about 1.5, which is identical to the SrNd ratio of the apatite concretions mentioned above. This conclusion is further endorsed by considering the trace mudstones corresponding to the diagenetic zone (Table 2) . element ratios Sr/Nd and Rb/Nd (Fig. 10) . Combined Rb-
The two rock suites define two distinct trends related to the Sr and Sm-Nd data were obtained for two groups of Welsh high Rb-Sr ratio in the ill&-rich rocks, as compared to the samples, a suite of chlorite-rich turbidites corresponding to low Rb-Sr ratio in the chlorite-rich rocks. When interpofated the anchizone (Table 4) , and a suite of uncleaved, illite-rich to zero Rb-Nd ratio, both trends intersect at the same low 10 -Q 10 -3 fraction of spike Nd adsorbed 10 -* FJG. 11. Model results of an adsorption experiment where the ~0.2 pm fraction of W 16.2 was leached with spiked acid solutions. Afier discarding the leachate, the measured residue '5%d/'61Nd deviate only slightly from the natural isotopic ratio of 0.23647, indicating minor (0.07-0.75%) readsorption of dissolved Nd on grain surfaces. "High" and "Low" refer to maximum and minimum Nd concentrations of W 16.2 (Table 2) , respectively. Sr-Nd ratio of about 1 S. The same value is derived directly from macroscopic apatite concretions (Table 4 ). The two trends are basically mixing lines along constant Rb-Sr ratios, modified only by the relative percentage of Sr and Nd that are sequestered in the apatite endmember at zero Rb/Nd.
We propose that the Sm-Nd system in clay-size separates of pelites can be approximated to a two-component system that involves diagenetic phyllosilicates and apatite. First, the observed Sm-Nd ages clearly demonstrate this to be an ancient feature that corresponds to the time of deposition or early burial. Second, the complementary REE patterns of leachate and residue suggest that the involved phases have dependent trace element characteristics. When dating diagenesis in this way, it is important to show that arguments constraining the common origin of apatite and phyllosilicates in terms of time and fractionation process can be made independently of one another.
Procedural artifacts that may produce the observed REE distribution must be addressed. Such leaching artifacts may be related to preferential adsorption of lanthanides on grain surfaces (e.g., SHOLKOVITZ, 1989) , or to differential retention of REEs due to incomplete dissolution. We have investigated the possibility that MREEs might be preferentially released during the leaching process, while LREEs and HREEs are retained in the residue due to adsorption on grain surfaces. Kn a dissolution-resorption experiment the clay separate of W 16.2 was exposed to both a spiked 1 N HCI solution and a spiked acetic acid solution, thus mimicking the leaching process. The solution was then discarded, and the residue was rinsed repeatedIy and subsequently dissolved following standard procedure. The isotopic compositions of Ce, Nd, and Eu were measured to determine if there had been any resorption of REEs from the spiked acids. No significant deviation from the natural isotopic ratios of Ce, Nd, and Eu in the residue was detected (Table 4 ). In Fig. 11 the expected 'soNd/'44Nd of the residue is modeled as a function of the fraction of spike Nd adsorbed from the acid solution. The natural ratio is 0.23642, and the measured ratios are 0.23762 and 0.24206 for the HCl and acetic acid leach, respectively. For the given sample and spike weights these ratios correspond to an adsorption of 0.07-o. 1% of the dissolved Nd in I N HCI, and 0.5-0.7% of the dissolved Nd in acetic acid. Although the less acidic solution appears to be more prone to REE adsorption (see also SHOLKOVITZ, 1989) , in both cases the observed effect is not nearly large enough to fmctionate the REEs to the extent documented.
There may be the possibility that HREEs and LREEs are held in insoluble phases, and that the preferential release of MREEs into leachates merely reflects the retention of those insoluble phases in the residue. Monazite, florencite-coup minerals, and zircon are all likely candidates. As monazite is attacked by and partially soluble in HCl and is the most LREE-enriched phase, one would expect that leaching with HCl would result in LREE enrichment in the leachate. However, the La-Yb ratio of the HCl leachate of both ZBl 1 ( x0.1 pm) and W22.2 (co.2 pm) is only about two times the LaYb ratio of the corresponding acetic acid leachates, respectively. In addition, the overall shale-normalized REE pattern of the HCl leachates is still depleted in LREEs (Fig. 7d) . Therefore, we do not consider that retention of REEs in monazite or other residual phases figures prominently in the observed REE fractionation between the two leachates and the residue.
Apatite diagenesis and burial metamorphism
In studying the geochronology of fine-grained sediments, the occurrence of mixed-phase assemblages is certainly not an unexpected complication. A widely encountered problem is the presence of inherited source components in the sediment, although a number of workers have described ways to correct for such inheritance or, preferably, to avoid it altogether ( LIEWIC et al., , CLAUER et al., 1990 MOSSMAN, 199 1; PEVEAR, 1992) . The great majority of these data stem from detailed Rb-Sr and K-Ar work on mica and clay separates. The observed relation between grain size and Sm-Nd age in the present study is a useful addition in this respect, demonstrating that source effects can be canceled out by combining careful separation of authigenic fractions with the advantage of a single sample dating scheme.
Just as uncertainties exist about the initial argon isotopic composition of a pore fluid that partly or fully equilibrated with radiogenic detritus, so the initial neodymium isotopic com~sition of a fluid may also have been variable as a function of short-term fluctuations of the source parameters. Unlike K and Ar, however, Sm and Nd were fractionated at or shortly after deposition into authigenic phases that appear to be chemically separable in the laboratory, and that have managed to retain the daughter element through time. These two circumstances allow us to infer the initial neodymium isotopic composition and hence calculate an age, as is the case with any other dating scheme that contains a correction for the nonradiogenic daughter element component.
In the case of pelites of the diagenetic zone that have not developed a penetrative cleavage, Sm-Nd ages agree within error with their stratigraphic ages. We consider these ages to be approximate equivalents of mineral-mineral ages involving authigenic apatite and mica. However, apatite and authigenic phyllosilicates very likely have not formed during the same d&genetic event, for it has been argued that the formation of authigenic apatite is an early diagenetic event which takes place close to the water-sediment interface (e.g., JAHNKE et al., 1983; GLENN and ARTHUR, 1988 ; VAN CAPPELLEN and BERNER, 1988) . The formation of authigenic illite, on the other hand, takes place upon subsequent burial (e.g., RISCH, 1983) .
The "isotopic event" of interest is the early diagenetic redistribution of REEs and the associated availability of phosphorus in the porewater. The uptake of REEs into o~~nally REE-depleted biogenic apatite is governed by the coupled substitutions of Si4+/P5+ in the tetrahedral sites, and REE3+/ Ca'+ and Na'/Ca'* in the two Ca sites. Although crystal structure refinements of REE-bearing apatite indicate that Nd3+ should most readily substitute in the Ca sites ( HUGHES et al., 199 1 ), Gd3+ is most enriched in diagenetic apatite (e.g., WRIGHT et al., 1987; GRANDJEAN and ALBARBDE, 1989; MILODOWSKI and ZALASKIEWICZ, 199 I ) . The required supply of REEs is thought to be released from the bulk sediment by a variety of processes. These include the decomposition of organic matter, the reduction of hydrous Mn and Fe oxides, and the dissolution of fish debris, causing enhanced concentrations of REEs and dissolved phosphorus in porewaters of anoxic bottom sediments ( ELDERFIELD et al., 1981; ELDER-FIELD and SHOLKOVITZ, 1987; SHOLKOVITZ et al., 1989) . From experimental growth rates (VAN CAPPELLEN and BER-NER, 199 1) the grain sizes of authigenic apatite have been predicted to be on the order of 0. I -10 pm, which is also the range of crystal sizes observed in our samples. The apparent preferential incorporation of LREEs and HREEs into authigenie illite and chlorite upon subsequent burial is probably a passive feature, inherited from the primary fractionation during apatite precipitation. Implicit in this suggestion is that the sediment has remained closed to further REE transport into or out of the system. As long as phyllosilicate diagenesis is completed within 10 to 15 m.y. (equivalent to a 10 ppm increase in 143Nd/ l"Nd using an average 14'Sm/ IaNd of 0.11) after phosphate diagenesis, the resulting Sm-Nd ages will still reflect depositional ages within error. Considering the diachronous character of primary REE fractionation and subsequent passive REE uptake into illite and chlorite, the rate of basin subsidence becomes an important parameter. For instance, even in rapidly subsiding basins such as the Texas Gulf Coast, illitization may take place 4 m.y. to 20 m.y. after deposition (MORTON, 1985; OHR et al., 1991) .
The initial neodymium isotopic composition of tbe apatitedominated component in the Welsh rocks is quite narrow, having efNd,, values between -6 and -7. Considering the wide range in initial tcNd) values that has been documented in Lower Paleozoic sediments from Wales (THOROGOOD, 1990) , this reflects a well-defined provenance. The isotopic homogeneity may be either related to the circumstantial absence of juvenile volcanic material, or to the lack of REE mobilization out of mafic volcanic phases during early diagenesis. This scenario would explain why the residues of the diagenetic zone and the anchizone always plot on or above the 460-Ma reference line through the leachate data, that is, always toward a more radiogenic Nd component (Fig. 3a) .
We interpret the transitional ages of higher grade samples that have developed a tectonic fabric to be the result of a mixture of original diagenetic illite and newly formed tectonic mica. LI et al. ( 1993 ) described the texture and composition of chlorite and white mica in Llandoverian slates from central Wales, a sequence mineralogically and stratigraphically very similar to the present samples corresponding to the anchizone and the epizone. They found bedding-and cleavage-parallel phyllosilicates in the matrix, both extremely fine grained ( 100 A to 2 wrn) , but having different structural and textural characteristics and also different compositions. LI et al. ( 1993) concluded that they formed during two distinct episodes, an earlier episode corresponding to initial burial without great disturbance of the depositional fabric, and a later episode corresponding to regional metamorphism and the development of a tectonic fabric.
As the separation of different generations of phyllosilicates depends entirely on differences in size, it must be expected that fine-grained separates of higher grade pelites will contain the same mixed assemblage as described by LI et al. ( 1993) .
Our results are therefore entirely consistent with their description of mixed mica parageneses in the anchizone and epizone. In an ironic reversal of fortune from studies where detrital material is the contaminant of authigenic fractions, the dating of regional metamorphism in these rocks is hindered by what may be called "authigenic inheritance." Although we cannot entirely rule out the possibility that detrital material contributed to the measured ages of these higher grade samples (in essence creating a three-component mixed age), it can be argued that the observed depositional ages in the undeformed, diagenetic samples indicate the near-absence of detrital contamination in these size fractions. Unfortunately, the lack or the small degree of Sm-Nd fractionation in the higher grade rocks introduces large errors in the L-R ages. These uncertainties render a rigorous graphical approach to estimating the time of regional metamorphism difficult, although a mixing line connecting high and low values of A20 could be optimistically drawn to indicate approximately the time of Acadian deformation of about 390 Ma (Fig. 6 ).
Prograde modifications
Direct SEM observations and the low Sm-Nd ratios of leachates from epizonal rocks suggest that apatite might be replaced at higher grades by REE-enriched phases that are also partially soluble. Monazite ( CeP04), sphene ( CaTiSiOs), and florencite ( CeA13( PO,),( OH),) are increasingly common in the epizone (Fig. 2d, f ) , and are possible products of prograde reactions that also involve apatite (Ca#O,),(OH,F)), r-utile (TiOz), muscovite ( KAl$Si30,0(OH)2), and quartz, such as Apatite + 5 rutile + 3 muscovite + 3 monazite + 2 Hz0 + 3 H+ = 5 sphene + 3 florencite + 4 quartz + 3 K+ A monazite-producing reaction involving apatite is envisioned by AKERS et al. ( 1992) , albeit at somewhat higher temperatures. Monazite and sphene are common accessory phases in medium-to high-grade pelitic rocks, but are not considered stable under conditions of diagenesis and very low-grade metamorphism by some (HARRISON et al., 1990) . However, authigenic sphene has been described in Gulf Coast mudrocks ( MILLIKEN and MACK, 1989; OHR et al., 199 1) . Besides apatite, LREE oxides and hydrous REE phosphates might also be carriers of the REEs at low temperature, e.g., 3 monazite + apatite + 7 calcite + 3 quartz + 3 HZ0 =3 CeC&( P04),Si0,(OH) + 7 COZ
The original content of organic material is another important factor in controlling the abundance of early diagenetic apatite, as much of the dissolved phosphorus in porewaters is derived from the decomposition of organic matter. In this study, the highest Sm-Nd ratios were observed in the leachates of black graptolitic shales with high organic carbon content. The epizonal slates that yield low Sm-Nd ratios in their leachates may never have developed an abundant population of diagenetic apatite due to a low content of original organic matter. In that case, the potential for using the diagenetic Sm-Nd fractionation in pelitic rocks to constrain stratigraphic ages would be mainly dependent on the availability of organic material during burial, while subsequent prograde modifications of phosphate phases may be of secondary importance.
Diagenesis and neodymium model ages
Diagenetic modifications of the Sm-Nd system in argillaceous sediments involve mobility and fractionation of the REEs under near-surface conditions. This is potentially of significance to the interpretation of Nd model ages in sediments. This approach to modeling the growth and evolution of the continental crust routinely assumes near-immobility of the REEs. We have shown that fractionation and diagenetic uptake of the REEs into apatite, and growth of authigenic phyllosilicates during burial are concurrent features and result in lower Sm-Nd ratios in diagenetic illite and chlorite. The low-temperature redistribution of the REEs may be called "nonconservative," as it involves phases of different solubility and grain size which also undergo different prograde reaction paths. Hence, for rocks of variable grain size and metamorphic grade, variations of Nd mode1 ages are likely to include a diagenetic effect and are not solely related to source parameters. Unfortunately, this data set provides insufficient information on the relation of Sm-Nd ratios between wholerock and fine fractions to evaluate the magnitude of this effect. Further study focusing on sediments with constant provenance is needed to address this important question.
CONCLUSIONS
The main conclusions of this study may be summarized as follows. 1) Redistribution of REEs in argillaceous rocks during early diagenesis and burial causes pronounced Sm-Nd fractionation in sediments between acid-soluble and residual fractions. The two fractions are dominated by diagenetic apatite and fine-grained illite and chlorite, respectively, and can be separated by a simple leaching technique. 2) The extent of the presently observed Sm-Nd fractionation is a function of grain size, metamorphic grade, and probably original content of organic matter. Prograde reactions involving REE-rich accessory phases such as apatite, monazite, florencite, and sphene modify the REE distribution imparted from diagenesis and burial. 3) Leachate-residue Sm-Nd ages correspond within error to stratigraphic ages in uncleaved rocks of the diagenetic zone, and to transitional ages toward the timing of metamorphism in rocks of the anchizone and epizone. For all rocks studied, the Sm-Nd system has remained closed subsequent to diagenesis or metamorphism. It has not been isotopically reset during later hydrothermal alteration events, such as the Alleghenian age remagnetization of North American Paleozoic limestones. 4) The effects of initial neodymium isotopic heterogeneity are cancelled by the single-sample approach employed in this study. The total range of initial '43Nd/ iaNd in leachateS Of at@laceouS rocks from Wales is naITOW (e(Nd)r = -6 to -7); coupled with the observed range in leachate Sm-Nd ratios, it may be possible to exclusively use the soluble fractions to obtain ages of diagenesis.
